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Abstract
We define the Dirac-Fock current to hold the current conservation in the momentum-
dependent Dirac fields, and discuss its effect on the magnetic-moment in the nuclear
matter. It is shown that the Dirac-Fock current can largely reduce the magnetic-
moment even in the isovector case, whose value has been too big due to the small
effective mass in the usual relativistic Hartree approximation.
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The past decades have seen many successes in the relativistic treatment of the nuclear
many-body problem. The relativistic framework has big advantages in several aspects
[1]: a useful Dirac phenomenology for the description of nucleon-nucleus scattering [2],
the natural incorporation of the spin-orbit force [1] and the saturation properties in the
microscopic treatment with the Dirac Brueckner Hartree-Fock (DBHF) approach [3].
These results conclude that there are large attractive scalar and repulsive vector-
fields, and that the nucleon effective mass is very small in the medium. However this
small effective mass makes some troubles in the nuclear properties: too big magnetic-
moment [4] and too big excitation energy of the isoscalar giant quadrupole resonance
(ISGQR) state [5]. As for the isoscalar magnetic-moment, this enhancement is canceled
by the Ring-Diagram contribution [6]; this relation is completely realized by the gauge
invariance [7]. As for the isovector one, however, this contribution does not play a strong
role because the symmetry force is not efficiently large.
In this subject, by the way, most of people believe that the momentum-dependence of
the Dirac fields is negligible in the low energy region, particularly below the Fermi level.
A momentum-dependence of the Schro¨dinger equivalent potential automatically emerges
as a consequence of the Lorentz transformation properties of the vector-fields without any
explicit momentum-dependence of the scalar and vector fields. In fact, only very small
momentum-dependence has appeared in the relativistic Hartree-Fock calculation [8].
In the high energy region, however, the vector-fields must become very small to explain
the optical potential of the proton-nucleus elastic scattering [2, 9], and the transverse flow
in the heavy-ion collisions [10]. This fact suggests us that the momentum-dependent part
is not actually small though it has not been clearly seen in the low energy phenomena.
After this consideration we naturally have a question whether the momentum-dependence
of the Dirac fields is really not important. Since the momentum-dependent fields break
the current conservation, furthermore, we have to define the new current caused by the
vertex correction.
In this paper, thus, we define a new current to hold the current conservation in the
momentum-dependent Dirac fields, and discuss its effect on the magnetic-moment.
Let us consider the infinite nuclear matter system. The nucleon propagator in the
self-energy Σ is given by
S−1(p) = γp−M − Σ(p), (1)
where Σ(p) has a Lorentz scalar part Us and a Lorentz vector part Uµ(p) as
Σ(p) = −Us(p) + γ
µUµ(p). (2)
For the future convenience we define the effective mass and the kinetic momentum as
M∗(p) = M − Us(p),
Πµ(p) = p− Uµ(p). (3)
The single particle energy with momentum p is obtained as
ε(p) = p0|on−mass−shell
=
√
Π2(p) +M∗2 + U0(p). (4)
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Then the detailed form of the nucleon propagator eq. (1) is represented by
S(p) = {6 Π(p) +M∗(p)}{
1
Π2 −M∗2 + iδ
− 2ipin(p)δ(Π2 −M∗2)} (5)
with the momentum distribution n(p).
If the self-energy has a momentum-dependence, the current operator must be also
changed. We then define the current vertex Γµ(p+ q, p) as
Γµ(p+ q, p) = γµ + Λµ(p+ q, p). (6)
From the Ward-Takahashi identity the density-dependent vertex correction Λµ must be
satisfied with
qµΛ
µ(p+ q, p) = −Σ(p + q) + Σ(p). (7)
We call the new additional current jˆ = ψ¯Λµψ the Dirac-Fock current, which is
produced by the momentum-dependence of the Dirac fields, because the momentum-
dependent part is manily caused by the Fock-diagram. Next we discuss a role of this
current to the magnetic-moment.
In the limit q → 0 this vertex correction becomes
Λµ(p) = lim
q→0
Λµ(p+ q, p) = −
∂
∂pµ
Σ(p). (8)
Using the above vertex correction, the current density of the whole system is given as
jµ =
∫
d4p
(2pi)4
Tr{ΓµS(p)}
=
∫
d3p
(2pi)3
n(p)
Π˜µ(p)
Π˜0(p)
, (9)
where Π˜µ is defined by
Π˜µ(p) =
∂
∂pµ
V (p)
=
1
2
∂
∂pµ
{Π2(p)− M∗2(p)}. (10)
Let us consider the one-particle state on the Fermi surface. The nucleon space current
can be written as
j =
Π˜(p)
Π˜0(p)
||p|=pF = Dpε(p)||p|=pF , (11)
where the total derivative Dp is defined on the on-mass-shell condition: p0 = ε(p). The
above equation completely agrees with that derived by the semi-classical way [9].
In the non-relativistic framework the effective mass is defined by
M∗L = (2
d
dp2
ε(p))−1||p|=pF , (12)
3
which is so called the ’Landau mass’. Then the above spacial current is
j =
pF
M∗L
. (13)
In our case including the momentum-dependent Dirac fields, the value of the Landau mass
M∗L cannot be uniquely determined from the relativistic effective mass M
∗ while in the
Hartree approximation the Landau mass becomes M∗L = Π0(pF ).
Now the main problem is how to determine the value of the Landau mass M∗L. In
the theoretical aspect it should be derived by making use of DBHF with the momentum-
dependent self-energies. However it is not so easy technically. Recently Huber et al. [12]
have introduced the momentum-dependence into the DBHF calculation, but they have not
given this value. As discussed later, very small contribution of the momentum-dependence
largely changes the value ofM∗L even if it does not change the saturation property. Hence
the ambiguity involved in their calculation, for example, the basic nuclear force, is not as
small as to fix this value.
Hence we need to determine the value of M∗L from the experimental analysis. One
candidate is the analysis of p − A elastic scattering data, but this method cannot be
used in very low energy region near the Fermi level. In other observables the excitation
energy of ISGQR must be most sensitive to the Landau mass because this energy is
almost determined by the mean kinetic energy, and the surface effect is not significant. In
addition, the relativistic approach does not change its microscopic picture [5]; the strength
of the resorting force is determined only by dε(p)/dp2||p|=pF . T. Suzuki [11] has given
M∗L/M ≈ 0.85 from this analysis. Using this value the enhancement of the space current
from the free one is about 15 %. Namely the enhancement of the magnetic-moment from
the Schmidt value is also about 15 %.
When we use the typical value of M∗/M ≈ 0.55 − 0.6 [2, 3, 13], the enhancement
is about 50 % in the Hartree approximation. The effect of the momentum-dependence
largely improves the magnetic-moment.
Finally we discuss how much degree of momentum-dependence is necessary to get
M∗L/M = 0.85 with M
∗/M = 0.6. For simplicity we neglect the space part of the vector
fields, which is really small in the Hartree-Fock calculation. The single particle energy is
written as
ε(p) =
√
p2 +M∗2(p) + U0(p). (14)
The Landau mass is given by
M∗L = Π0(pF )(1−M
∗(pF )
dUs
dp2
+ 2Π0(pF )
dU0
dp2
)−1. (15)
In the case that dUs/dp
2 = 0, for example,
U0(pF )− U0(0)
U0(pF )
≈ 2p2F
dU0
dp2
/U0 ≈ 0.04 (16)
with M∗L/M = 0.85 and M
∗/M = 0.6. Only 4 % contribution of the momentum-
dependence of the vector-field can reduce the magnetic-moment about 20 %. Hence this
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argument does not change the saturation property and the nuclear equation of state as
seen in Ref. [10].
We can easily imagine that the one-pion exchange force largely produce the momentum-
dependence because the interaction range is largest. The Fock self-energy from it with
the pseudo-scalar coupling gives dUs/dp
2 > 0 and dU0/dp
2 < 0, where both contribution
can enlarge the Landau mass. Hence the scenario in this paper is very possible.
In summary we have defined a new current, so called Dirac-Fock current, which is
consistent to the momentum-dependent Dirac fields, and have shown that the strength of
the spacial current is determined by the Landau mass M∗L independently of the effective
mass M∗. When we take the value of M∗L from the result of ISGQR, the enhancement of
the magnetic-moment should be 15 % from the Schmidt value even in the isovector case.
In this case the Dirac fields does not need to be varied largely.
In fact the observed magnetic-moment includes the anomalous part, which is not
enhanced by the small effective mass, and is given by the nucleon on the nuclear surface
where the effective mass is bigger than that at the saturated nuclear matter. Therefore
the actual enhancement of the isovector magnetic-moment should be less than 10 %.
This difference is permissible because the actual isovector magnetic-moment has other
contributions such as the exchange current.
As seen in this paper the momentum-dependent parts, which are non-local in the finite
nuclei, are very effective even if these parts are small. In future we need to discuss effects
of the non-local parts of Dirac fields to study nuclear structure and reactions.
Since the Fock effects are largely seen in the wide energy region [9, 10], this Dirac-Fock
current also plays an important role with the large momentum-transfer q. In future we
need to discuss effects of this current in the high momentum transfer phenomena such
as the quasielastic electron scattering [14]. For this discussion we will have to figure out
the detailed form of this current which has not been given in this paper. In order to get
final conclusions, of course, we must also take into account the Ring-Diagram [15] which
contributes to the final results largely.
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